Aim: To investigate the effects of plumbagin, a naphthoquinone derived from the medicinal plant Plumbago zeylanica, on human breast cancer cell growth and the cancer cell-induced osteolysis in the bone microenvironment of mice. Methods: Human breast cancer cell subline MDA-MB-231SA with the ability to spread and grow in the bone was tested. The cell proliferation was determined using the CCK-8 assay. Apoptosis was detected with Annexin V/PI double-labeled flow cytometry. Red fluorescent protein-labeled MDA-MB-231SArfp cells were injected into the right tibia of female BALB/c-nu/nu mice. Three days after the inoculation, the mice were injected with plumbagin (2, 4, or 6 mg/kg, ip) 5 times per week for 7 weeks. The growth of the tumor cells was monitored using an in vivo imaging system. After the mice were sacrificed, the hind limbs were removed for radiographic and histological analyses. Results: Plumbagin (2.5-20 μmol/L) concentration-dependently inhibited the cell viability and induced apoptosis of MDA-MB-231SA cells in vitro (the IC 50 value of inhibition of cell viability was 14.7 μmol/L). Administration of plumbagin to breast cancer bearing mice delayed the tumor growth by 2-3 weeks and reduced the tumor volume by 44%-74%. The in vivo imaging study showed that plumbagin dose-dependently inhibited MDA-MB-231SArfp cell growth in bone microenvironment. Furthermore, X-ray images and micro-CT study demonstrated that plumbagin reduced bone erosion area and prevented a decrease in bone tissue volume. Histological studies showed that plumbagin dose-dependently inhibited the breast cancer cell growth, enhanced the cell apoptosis and reduced the number of TRAcP-positive osteoclasts. Conclusion: Plumbagin inhibits the cell growth and induces apoptosis in human breast cancer cells in mice bone microenvironment, leading to significant reduction in osteolytic lesions caused by the tumor cells.
Introduction
Bone tissues are the most frequent sites of metastases and are of particular clinical importance in breast cancer patients because of the prevalence of this disease; breast cancer is the second most common cancer in the world and the most commonly diagnosed cancer in women. Autopsy studies have demonstrated the presence of bone metastases in more than 70% of breast cancer patients [1, 2] . Metastases are generally thought to cause many complications, including intractable bone pain, pathological fractures, hypercalcemia, nerve compression syndromes, and decreases in the quality of life [3] . The development and outgrowth of these secondary lesions depend on the intricate cellular and molecular interactions between the breast tumor cells and the bone microenvironment. In particular, tumor cells can disrupt the bone homeostatic balance maintained by the two resident bone cell types, osteoclasts and osteoblasts, and this disruption has been shown to drive bone destruction and metastatic tumor growth [2] . Tumor cells secrete signaling proteins, such as parathyroid hormone-related peptide (PTHrP) [4] , to promote osteoclast differentiation and activity either directly or indirectly by altering the expression of receptor activator of nuclear factor-κB ligand (RANKL), an essential osteoclast differentiation cytokine, in osteoblasts. The resulting bone destruction releases a number of growth factors stored in the bone matrix, such as transforming growth factor-β (TGF-β), which further stimulates the malignancy of the tumor cells and completes the so-called vicious cycle of bone metastasis. The current main drug treatment for skeletal lesions is the administration of bisphosphonates that block osteoclast activity; this treatment has been successful in slowing the progression of bone lesions but does not induce the regeneration of bone tissues or result in a cure [5] . Furthermore, a growing number of case reports have shown that long-term bisphosphonate therapy might result in osteonecrosis of the jaw (ONJ) [6] [7] [8] [9] . In recent years, some natural compounds have been reported to have anticancer properties, such as cordycepin, which induces apoptosis and autophagy in breast cancer cells [10] , and genistein, which inhibits the osteolytic bone metastasis of breast cancer and enhances the bone mineral levels in nude mice [11] . Resveratrol and sanguinarine were also shown to inhibit the proliferation and promote the apoptosis of osteosarcoma cells [12, 13] . Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), which is one of the most investigated compounds, is an analog of vitamin K3 that is derived from the roots of the medicinal plant Plumbago zeylanica, as well as the Droseraceae, Ancistrocladaceae and Dioncophyllaceae families. Plumbagin has been used as a hair dye and skin colorant and has also been used in the treatment of acne, ringworm, fungal, bacterial and viral infections and inflammatory diseases [14] . Plumbagin has been safely used for centuries in Indian and Chinese medicine and exhibits anti-microbial properties [15] , anti-atherosclerotic effects [16] , anti-inflammatory effects [17] , and anticancer activities both in vitro [18, 19] and in vivo [20, 21] . Previous findings have suggested that plumbagin can inhibit cell proliferation and induce the apoptosis and autophagy of breast cancer cells in vitro [19] , as well as suppress the metastasis of prostate cancer [22] . One recent report also showed the effects of plumbagin on the suppression of osteoclast formation [23] . These data suggest that plumbagin might abrogate RANKL signaling and suppress osteoclastogenesis induced by breast cancer cells in mice. However, whether plumbagin can directly inhibit the growth of breast cancer cells in the bone microenvironment and reduce the cancerinduced bone destruction remain to be investigated. More information, such as the real-time monitoring of cancer cell growth and the dose-dependent effects of plumbagin in vivo, are needed to evaluate the potential uses of plumbagin in clinical applications.
The objective of this study was to determine the efficacy of different doses of plumbagin against the growth of breast cancer cells in the bone microenvironment in a well-characterized mouse model of breast cancer. We non-invasively and quantitatively monitored the growth of labeled tumor cells using an in vivo imaging system. Additionally, the osteolytic bone destruction caused by cancer cell growth was evaluated by X ray, micro-CT, and histological observations. We believe that this systemic evaluation provides solid data regarding the potential use of plumbagin in the treatment of bone metastasis of breast cancer.
Materials and methods

Materials
Plumbagin, dimethyl sulfoxide (DMSO), and thiazolyl blue tetrazolium bromide were purchased from Sigma-Aldrich (St Louis, MO, USA). For the cell culture experiments, plumbagin was dissolved in DMSO at a concentration of 200 mmol/L and was stored in a dark-colored bottle at -20 °C. This stock solution was diluted further in cell culture medium immediately before use. For the animal experiments, plumbagin was dissolved in 5% PEG 400 at the necessary concentrations.
Cell culture
The estrogen-independent human breast cancer cell subline MDA-MB-231SA was kindly provided by T YONEDA (University of Texas Health Science Centre at San Antonio, San Antonio, TX, USA). These cells were previously generated from MDA-MB-231 cells by the intracardiac inoculation and in vivo selection of cells that displayed the ability to spread and grow in the bone [24] . MDA-MB-231SArfp (RFP, red fluorescent protein) cells were generated by the stable transfection of the pDsRed2-N1 construct (Clontech, Mountain View, CA, USA) [25] . The cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Invitrogen Ltd, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin solution (Gibco, Invitrogen Ltd, Carlsbad, CA, USA), and 0.75 mg/mL G-418 (Invitrogen, Carlsbad, CA, USA) at 37 ºC in a humidified atmosphere with 5% CO 2 .
Cell viability assay Cell viability was assessed using the Cell Counting Kit-8 assay (CCK-8, Dojindo Laboratories, Kumamoto, Japan) according to previously reported methods [26] . Briefly, MDA-MB-231SArfp cells were grown overnight without treatment in 96-well plates (5000 cells/well). Next, the cells were incubated with a vehicle control (DMSO) or different concentrations of plumbagin (0-20 μmol/L) diluted from the 200 mmol/L stock. After a 48 h incubation, 10 μL of the WST-8 reagent [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfonyl)-2H-tetrazolium] was added to each well, and the cells were incubated at 37 °C for 3 h. The optical densities (OD) of the wells were measured at 450 nm on a 96-well multi-scanner autoreader (Thermo Electron Corp, Waltham, MA, USA). Each condition was performed in eight replicate wells, and the total concentration of DMSO in the reaction mixtures never exceeded 0.1%. The number of cells counted/OD value in the DMSO control wells was set to 100%, and the number of cells in the plumbagin-treated cells was calculated relative to this control as the percentage of the surviving cells. At least three independent repeats of this experiment were performed. . The animals were maintained in plastic micro-isolator cages (5 mice/cage) under specific pathogen-free (SPF) conditions with a 12 h light/dark cycle at 22-24 ºC and 50%-55% humidity. Commercial mouse chow and water were provided. All animals were acclimatized for 7 d prior to their participation in the experiments. All mouse manipulations were performed within a laminar-flow hood under aseptic conditions; general anesthesia was used and consisted of ketamine administered by intraperitoneal (ip) injection (0.2 mL/100 g body weight) unless otherwise noted. According to the methods reported in previous studies [27, 28] , 50 μL of MDA-MB-231SArfp cells at a concentration of 5×10 6 cells/mL in phosphate-buffered saline (PBS) were injected intratibially into the anaesthetized nude mice on day 0. The contralateral tibiae were similarly injected with PBS as a control. The mice were randomly assigned to four groups. Three days after cell implantation, the mice were treated with the vehicle (100 μL of 5% PEG, n=10) or plumbagin (2, 4, or 6 mg/kg body weight in the vehicle, n=10 per group) by ip injection five times per week for seven weeks.
Apoptotic cell detection
Real-time non-invasive monitoring of MDA-MB-231SArfp breast cancer cell growth in the bone tissues was performed using the IVIS spectrum small-animal in vivo imaging system (Xenogen, Hopkinton, MA, USA), and the fluorescence intensity was determined in each mouse 1 week after the injection of the tumor cells. The tumor sizes were measured with calipers and recorded each week. Assuming an ellipsoid shape of the developing mass, the following formula was used to calculate the tumor volumes (V): V=4/3π(a/2×b/2×c/2), where a is the length, b is the width, and c is the height of the xenograft tumor.
Evaluations of lytic lesions Mice were anaesthetized as described above and were examined for the development of osteolytic lesions by digital radiography (MX-50 desktop X-ray radiograph, Faxitron) 4 and 7 weeks after the injection of the tumor cells. At the end of the study, the mice were sacrificed, and specimens were harvested for micro-computed tomography (micro-CT) and histological evaluation. The bone erosion areas were determined using interactive image analysis software (ImageJ, NIH, USA) from the digital radiographs of the tibiae from the plumbagininjected and vehicle-injected mice. Changes in the sizes of the osteolytic lesions were analyzed by comparing the radiographs taken at weeks 4 and 7 for each group of mice.
After the tissue harvest, representative micro-CT (SCANCO, μCT80 Switzerland) images of the tibiae were obtained. After the scans, reconstructions of the sections were performed with a modified Feldkamp cone-beam algorithm, with the beam hardening correction set to 50%. The VGStudio MAX 1.2 software (Volume Graphics GmbH) was used to obtain the threedimensional visualizations of the tibiae from the reconstructed sections, and a 4 mm area below the tibial plateau was selected to calculate the bone volume fractions (bone volume/total volume, BV/TV). All of the experimental protocols were approved by the Animal Ethics Committee of the Shanghai Jiaotong University School of Medicine (Shanghai, China).
H&E staining and RFP immunohistochemistry
The harvested tibiae were fixed for 36 h in 4% paraformaldehyde buffered with 0.1 mol/L phosphate buffer (pH 7.4) and were decalcified in 10% EDTA at 4 ºC for three weeks. Paraffin sections were made according to the standard conventional methods and were stained with H&E.
Serial sections (5 μm thick) were mounted on glass slides coated with 10% polylysine. The sections were deparaffinized with xylene and rehydrated in graded concentrations of ethanol. Antigen retrieval was performed in a protease K solution at 37 °C for 20-25 min. The endogenous peroxidase activity was blocked by immersion in 0.3% methanolic peroxide for 40 min. The immunoreactivity of the sections was enhanced by microwaving the tissue sections for 10 min in 0.1 mol/L citrate buffer. Next, the sections were incubated with a rabbit polyclonal anti-RFP primary antibody at 4 °C overnight. After washing, the slides were incubated with a biotinylated or fluorogenic secondary antibody (polyclonal goat anti-rabbit immunoglobulin). After washing, the sections were incubated with an avidin-biotin-peroxidase complex. The RFP activity was visualized with 3,3'-diaminobenzidine or 4',6-diamidino-2-phenylindole (DAPI, 10 ng/mL) for 10 min. The cells were analyzed by microscopy.
Ki67 immunohistochemistry and TUNEL staining
As an indicator of proliferation, sections (5 μm) were examined immunohistochemically for the expression of human Ki67 with a polyclonal rabbit antibody against human Ki67 (Santa Cruz Biotechnology Inc, USA) and a secondary goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA, USA). Tumor cell apoptosis rates were assessed using the transferase-mediated dUTP biotin nick end-labeling (TUNEL) assay, which was performed on the 5-μm sections with the In Situ Cell Death Detection Kit, POD (Roche Diagnostics) according to the manufacturer's protocol. The proportion of Ki67-positive cells and the apoptotic TUNEL-stained cells was determined by counting the positive and negative cells in five random fields of the non-necrotic areas of the tumors in a representative section of each bone specimen. Staining for tartrate-resistant acid phosphatase (TRAcP) Paraffin sections were made according to the standard conventional methods and were stained with tartrate-resistant acid phosphatase (TRAcP), a osteoclast marker, using a commercial kit (387A-1KT, Sigma-Aldrich) according to the manufacturer's protocol. Briefly, the sections were fixed for a short time in buffered acetone, followed by incubation in a solution of naphthol AS-BI phosphoric acid, freshly diazotized fast garnet GBC, acetate buffer, and tartrate buffer for 30 min at 37 ºC. Following a rinse in deionized water, the sections were airdried and mounted with neutral resin. Osteoclasts were identified as TRAcP-positive multinucleated cells associated with the bone surfaces. The number of osteoclasts at the interface between the tumor and the bone was counted in five fields per section (x400 magnification), and the osteoclast number per mm of the tumor bone interface was calculated.
Statistical analysis
The data are presented as the mean±SD. A Student's t-test was used to determine the significance between the groups. P values of less than 0.05 were considered significant. All statistical analyses were performed with the SPSS (Statistical Package for the Social Sciences) 13.0 software.
Results
Plumbagin decreased the viability and enhanced the apoptosis of breast cancer cells Cellular viability was assayed by treating MDA-MB-231SArfp cells with various concentrations of plumbagin, followed by analysis with the CCK-8 viability assay. We observed that cellular viability was suppressed by plumbagin in a dosedependent manner in the breast cancer cells ( Figure 1A) . The IC 50 value of plumbagin in the MDA-MB-231SArfp cells was 14.7 μmol/L.
The amount of apoptotic cell death was quantified using Annexin V-FITC/PI double-labeled flow cytometry. The MDA-MB-231SArfp cells were pretreated with varying concentrations of plumbagin, which led to increases in apoptosis ( Figure 1C) . The total apoptosis rates were 0.41%±0.25%, 8.43%±1.55%, 11.20%±1.66%, and 15.47%±1.39% for plumbagin concentrations of 0, 2.5, 5 and 7.5 μmol/L, respectively ( Figure  1B) .
Plumbagin inhibits the growth of MDA-MB-231SArfp cells in the bone environment
In the animal experiments, plumbagin (2, 4, or 6 mg/kg body weight) was administered by intraperitoneal injection three Figure 2D ). At week 6, one mouse from the PL-4 mg-treated group died due to an injection accident. The plumbagin-treated mice gained 
Plumbagin suppresses osteolysis in the tumor-bearing mice
To identify the osteolytic bone destruction, we analyzed osteolytic lesions using radiography and micro-CT analysis. Four weeks after tumor cell implantation, lytic bone lesions were established in 100% of the animals from the control and 2 mg/kg plumbagin-treated groups, as determined by standard X-rays ( Figure 3A ). During the following three weeks, the areas of bone erosion at least doubled in the vehicle-treated www.nature.com/aps Yan W et al Acta Pharmacologica Sinica npg mice. In contrast, in the mice treated with plumbagin, the expansion of the osteolytic lesions was significantly arrested in the bone erosion areas at week 7 ( Figure 3C ) compared to week 4 ( Figure 3B ). Lytic lesions were not observed in any of the sham-injected legs at any of the time points. Plumbagin reduced the bone erosion areas, as shown in the representative radiographs in Figures 3A and 3D , and the increased bone volume ( Figure 3E ).
Histologic demonstration of reduced osteolytic lesions and arrested cancer cell growth After the tissue was harvested and fixed, 5-µm sections were cut from each specimen and stained with H&E for routine histological examinations. In the sections from the vehicletreated mice, almost all of the metaphyseal bone had disappeared, and the joints were severely destroyed. In contrast, in the sections from the plumbagin-treated mice, nearly intact joints and some metaphyseal bone were observed; this suggested that plumbagin effectively reduced the bone destruction caused by the cancer cells when administered at doses of 2-6 mg/kg over 7 weeks ( Figure 4A ). The RFP immunostaining (immunohistochemistry in Figure 4B and immunofluorescence in Figure 4C ) also demonstrated the growth of the MDA-MB-231SArfp cells in the bone microenvironment. Immunohistochemistry analysis showed that plumbagin decreased the number of Ki67-positive tumor cells ( Figure  5A , 5B, and 5D) and increased the number of TUNEL-positive tumor cells ( Figure 5C and 5E) in the sections; these data indicate the decreased proliferation (vehicle, 34.0%; plumbagin (PL)-2 mg, 18.5%; PL-4 mg, 11.0%; PL-6 mg, 5.5%; P<0.05 vs vehicle) and the increased apoptosis (vehicle, 1.2%; PL-2 mg, 3.2%; PL-4 mg, 5.8%; PL-6 mg, 13.1%; P<0.05 vs vehicle) of the MDA-MB-231SArfp cells in the bone microenvironments of the plumbagin-treated mice.
Decreased osteoclast numbers in the plumbagin-treated tumorbearing mice Osteoclasts were identified as TRAcP-positive multinucleated cells that were associated with the bone surfaces. The number of osteoclasts at the interface between the tumor and bone were counted in five fields per section (×400 magnification), and the osteoclast numbers per mm of tumor bone inter- 
Discussion
Breast cancer is the most common human neoplasm in both developed and developing countries [19] , and bone metastasis is commonly associated with breast cancer [23] . In our study, we found that plumbagin effectively inhibited tumor cell growth in vitro concomitant with the induction of cell apoptosis; furthermore, plumbagin inhibited tumor cell growth in nude mice and suppressed the osteolysis induced by the MDA-MB231SArfp breast cancer cells.
The results described herein clearly suggest that plumbagin inhibits cell growth and viability and leads to the induction of apoptosis in breast cancer cells. We observed the induction of apoptosis in the triple-negative breast cancer cell line MDA-MB-231, against which there is no effective targeted therapy [29] . Ki67 immunohistochemical staining and TUNEL staining of the tissue sections from the plumbagin-treated mice confirmed the apoptosis of the cancer cells in the bone microenvironment. Ordinary chemotherapy for the treatment of breast cancer has strong side effects, and we speculated that plumbagin treatment might be associated with better prognosis and survival rates in breast cancer patients based on its ability to induce apoptosis selectively in cancer cells.
Although we did not investigate the mechanism of the plumbagin-induced apoptosis in this paper, some previous reports have investigated the involved signaling pathways. One previous study found that plumbagin predominantly triggered autophagic cell death but not apoptosis and that plumbagin induced a G 2 -M arrest and autophagy by inhibiting the AKT/mammalian target of rapamycin pathway in breast cancer cells [19] . Interestingly, another report demonstrated that plumbagin significantly inhibited the growth of breast cancer cells but had no effects on normal breast epithelial cells [30] . Using ER-positive MCF-7 and ER-negative MDA-MB-231 breast cancer cells, the researchers found that plumbagininduced apoptosis occurred concomitantly with the inactivation of Bcl-2 and a decrease in the DNA binding activity of NF-kB. A recent study examined the anticancer potential of plumbagin against Her2-overexpressing breast cancer cells and found that the antiproliferative activity of plumbagin was associated with apoptotic cell death, as determined by caspase activation and an increase in the sub-G 1 fraction of the cell cycle [31] . These data support our findings and provide insight into the mechanisms of plumbagin-induced apoptosis. Interestingly, Aziz and colleagues demonstrated the apoptosis-inducing effects of plumbagin in prostate cancer cells, regardless of hormone-responsiveness [32] ; recently, the same group reported that plumbagin inhibited the diffusion of prostate cancer and the progression to poorly differentiated carcinoma in the TRAMP prostate cancer mouse model [33] , further suggesting that plumbagin might be an effective agent against cancer cells, regardless of the differences in the expression status of important target genes.
Most studies have reported plumbagin treatment doses of 2 mg/kg body weight in tumor-burdened nude mice and have not investigated the dose-related effects [19] . However, an ear lier study found that the acute LD 50 of plumbagin in normal mice was 9.4 mg/kg body weight and that single doses of plumbagin below 7 mg/kg were tolerated by the mice without any acute side effects. Furthermore, plumbagin doses of 5 mg/kg did not result in mortality within 14 d, and single doses of 2-6 mg/kg administered ip inhibited exponential tumor growth [34] . Thus, we treated the tumor-bearing mice with three doses of plumbagin (2, 4, or 6 mg/kg) that were below the reported LD 50 of plumbagin to determine whether the increased doses had improved effects. We found that as the plumbagin dose increased, the inhibitory effects on tumor growth, bone damage, and osteoclast activity were improved In this paper, we used an IVIS in vivo imaging system to non-invasively and intuitively monitor the weekly growth of the tumors in the bone microenvironment. This system quantified the number of tumor cells based on the fluorescence intensity of the labeled cells, which correlated well with the measured tumor volumes. Based on the determined realtime cell growth curves, we demonstrated that plumbagin could directly inhibit the growth of breast cancer cells in the bone microenvironment. The data from the X-ray, micro-CT, and histological analyses also significantly demonstrated the reduced osteolytic lesions in the plumbagin-treated mice compared to the vehicle-treated mice. Recently, one study showed that plumbagin could inhibit bone metastases of breast cancer by modulating the tumor-bone microenvironment. The researchers suggested that plumbagin could abrogate the RANKL-induced NF-κB and MAPK pathways by blocking the association of RANK and TRAF6 during osteoclastogenesis and inhibit the cancer cell induced-osteoclastogenesis, as well as the secretion of osteoclast-activating factors, such as IL-1β and IL-6 in vivo [35] . In conclusion, the data reported herein, along with the data reported previously by other investigators, shows that plumbagin might be an effective therapeutic agent against cancer cells. After combining data from the in vivo imaging system, X-ray, micro-CT, histology, and immunohistochemical analyses, we confirmed that plumbagin inhibited cell growth and enhanced apoptosis in human breast cancer cells, as well as inhibited the bone resorption induced by the tumor cells. Our data provide a solid basis for the future therapeutic application of plumbagin in the treatment of breast cancer bone metastases.
